1. Introduction {#s0005}
===============

Engineered nanoparticles (NPs) have multifaceted industrial and biomedical applications in various fields such as cosmetic, paint, and food industry, electronics, disease diagnosis and therapy ([@b0180], [@b0175], [@b0210], [@b0095], [@b0130], [@b0190], [@b0045]). Owing to their robust nature, ease of functionalization, excellent biocompatibility and optical properties, gold nanoparticles (GNPs) have emerged as preferential candidates for drug delivery, therapy and imaging applications ([@b0050], [@b0020]). After the discovery that GNPs have the ability to cross the blood brain barrier (BBB), they are being thoroughly investigated for diagnostic imaging and therapy of neurological disorders including brain tumor. The BBB controls the brain microenvironment by limiting the entry of unwanted chemicals into the central nervous system (CNS) thereby creating an obstacle for many medical therapeutic and imaging procedures.

Exposure to GNPs increased endothelial paracellular permeability in-vitro and elevated BBB permeability in-vivo ([@b0145]). Trafficking of GNPs coated with specific receptor antibody has been used for receptor-mediated transcytosis to ensure the transport of neurotherapeutics across the BBB ([@b0015]). [@b0005]) synthesized 20, 50 and 70 nm insulin-coated gold nanoparticles (INS-GNPs) and tested their ability to cross the BBB in mice. The highest accumulation in brain was observed using INS-GNPs (20 nm), 2 h after injection. The CT imaging showed that nanoparticles migrated to specific brain regions which are associated with neuropsychiatric and neurodegenerative disorders, suggesting the possible application of INS-GNPs in delivering potential treatments for brain diseases ([@b0005]). Intramuscularly injected drug-conjugated GNPs crossed the BBB and delivered the drug into the brain stem and spinal cord of rats for the treatment of respiratory muscle paralysis due to cervical spinal cord injury ([@b0225]). Compared with citrate GNPs, the amphipathic peptide (CLPFFD)-conjugated GNPs improved (4-fold increase in gold concentration), while the conjugate was partly washed out from the brain but mainly accumulated in the liver after 24 h ([@b0060]). Further modification of CLPFFD-conjugated GNPs with another peptide sequence (THRPPMWSPVWP) that interacts with the transferrin receptor present in the microvascular endothelial cells of the BBB has been shown to increase the permeability of the conjugated GNPs in brain. This strategy has been tested to destroy the toxic aggregates of β-amyloid, similar to that found in the brains of Alzheimer\'s disease patients ([@b0200]).

Small sized GNPs coated with gadolinium chelates can be traced by MRI after intravenous injection for accurate radiosensitization to improve the selectivity and efficiency of brain tumor radiotherapy ([@b0160]). [@b0155]) have reported epidermal growth factor peptide-targeted GNPs as a novel approach for targeted delivery and photodynamic therapy of brain cancer. [@b0205]) functionalized PEG-coated and doxorubicin-loaded GNPs with angiopep-2, a specific ligand of low density lipoprotein receptor-related protein-1, which mediated the system to penetrate BBB and specifically delivered and released doxorubicin in glioma and enhanced the survival of mice. A single intravenous injection of peptide-modified 5 nm GNPs efficiently crossed the BBB and delivered the anticancer drug doxorubicin as well as the contrast agent gadolinium for the treatment and imaging of brain tumor in mice ([@b0030]). Brain tumor bearing mice receiving 11 nm GNPs and radiation (30 Gy) showed that GNPs uptake of 19:1 tumor to normal brain ratio that increased local radiation dose by approximately 300% resulting in 50% long term survival as compared to 100% mortality in mice receiving radiation only ([@b0065]). [@b0010]) determined the efficiency of gold photoactivation by intracerebral infusion of GNPs followed by irradiation of rat glioma. The rats receiving the combined treatment (GNPs + 15 Gy) lived longer than those animals that were treated with the radiation alone.

The above literature clearly indicates the wider scope of GNPs in imaging and therapy of neurological diseases. However, there is still limited information available about the toxicity of GNPs to neural tissue. A thorough characterization of nanomaterials is important to understand any associated adverse effects and to ensure their safe applications ([@b0115]). Earlier studies have reported GNPs-induced alterations in proinflammatory cytokines expression in liver and kidneys of rats ([@b0105], [@b0110], [@b0125], [@b0120]). However, the impact of GNP exposure on induction of inflammatory mediators in brain was never investigated. By virtue of their direct interaction with serum proteins (including opsonins), naked GNPs have a higher rate of cellular uptake whereas conjugation of GNPs with materials such as polyethylene glycol can significantly reduce their surface interactions and thus cellular uptake ([@b0035]). In this investigation, we studied the effects of naked GNPs (5, 20 and 50 nm diameter) on mRNA expressions of proinflammatory cytokines including IL-1β, IL-6 and TNF-α in mouse brain.

2. Materials and methods {#s0010}
========================

2.1. Animals and treatment groups {#s0015}
---------------------------------

Adult Swiss albino mice weighing 25--35 g were used in this study. The mice were kept in polycarbonate cages with sawdust bedding and housed in an air-conditioned room with proper day/night cycle. The mice were provided with the normal chow food and water ad libitum. Mice were divided into 10 treatment groups of 6 animals in each group. Group 1 was treated with vehicle only and this group served as control group. The animals in groups 2--4 were treated with a single intraperitoneal injection of 5, 20 and 50 nm GNPs, respectively and sacrificed after 24 h. The animals in groups 5--7 also received the same treatment but sacrificed after 7 days. Groups 8--10 received two injections of GNPs (5, 20 and 50 nm, respectively), first injection at the beginning of study and second on day 6, and sacrificed on day 7. The experimental segments are summarized in [Fig. 1](#f0005){ref-type="fig"}.Fig. 1Simplified layout of experimental protocol.

2.2. Gold nanoparticles {#s0020}
-----------------------

Gold nanoparticles of 5 nm, 20 nm and 50 nm diameter (Au concentration of 0.01%) were obtained from MK Impex Corp., Canada. The working dilutions of GNPs were stored at 2--8 °C. The dimensions and morphological appearance of GNPs were tested by transmission electron microscopy (TEM) and shown in [Fig. 2](#f0010){ref-type="fig"}. The GNPs of 5 nm and 20 nm diameter appeared to be round whereas the GNPs of 50 nm size were found to be hexagonal in shape ([Fig. 2](#f0010){ref-type="fig"}).Fig. 2Transmission electron microscopy for determining the size and shape of GNPs. Scale bar = 50 nm.

2.3. Animal dosing {#s0025}
------------------

The stock solutions of different size GNPs (5, 20 and 50 nm) were diluted with normal saline and administered intraperitoneally in the volume of 100 µl for each animal. This dosage corresponds to 5 µg Au/mouse and equivalent to around 170 µg/kg bodyweight. As mentioned above, there was a control group and three sets of GNP-treated groups to study the effects of a single injection of 5, 20 and 50 nm GNPs after day 1 (Groups 2--4) and day 7 (Group 5--7) as well as two injections of GNPs (6 days apart) and sacrificed on day 7 (Groups 8--10, priming dose groups).

The mice were sacrificed 24 h after a single injection (Groups 2--4), 7 days after a single injection (Groups 5--7) and 24 h after second injection (Groups 8--10). The brains were removed and immediately dipped in RNAlater solution (Qiagen, USA) and immediately kept at 4 °C until the extraction of RNA was performed. The study protocol was approved by the Institutional Ethics Board.

2.4. Real-time PCR analysis {#s0030}
---------------------------

Total RNA was isolated from about 30 mg of pre-stabilized cerebral tissues using SV total RNA Isolation System (Promega Corporation, USA), according to manufacturer's guidelines. The RNA was finally dissolved in 100 µl of nuclease free distilled water and stored at −80 °C. The purity and concentration of RNA samples were measured by a Nanodrop Spectrophotometer (Thermo Fisher Scientific, USA). The ImProm-II Reverse Transcription System (Promega Corporation, USA) was used for reverse transcription cDNA synthesis according to manufacturer's instructions.

Real-time PCR reaction was carried out in a 25 μl reacting mixture containing 0.5 μl of each primer, 1.5 μl of cDNA and 13 μl SYBR Green real-time PCR Master Mix (Qiagen, USA). Each run consisted of an initial denaturation step at 95 °C for 5 min followed by 45 cycles of 95 °C for 30 s, 60 °C for 10 s, and 72 °C for 10 s followed by melting curve analysis in a real-time PCR instrument (Stratagene, Agilent, USA). A housekeeping gene (β-actin) was used for normalizing the gene expression data. The sequences of primers used in this study are given in [Table 1](#t0005){ref-type="table"}.Table 1Primers used for real-time PCR amplifications.Primer nameSequenceBase pairsMouse IL-1β-FGCTCATCTGGGATCCTCTCC20Mouse IL-1β-RCCTGCCTGAAGCTCTTGTTG20Mouse IL-6-FCTTGGGACTGATGCTGGTGA20Mouse IL-6-RTGCAAGTGCATCATCGTTGT20Mouse TNF-α-FACCCCCTGAGTCTGCTCAAT20Mouse TNF-α-RCCTGGTGGGACTTGGTTGTA20Mouse β-Actin-FCTGGTCGTACCACAGGCATT20Mouse β-Actin-RCTCTTTGATGTCACGCACGA20

2.5. Statistics {#s0035}
---------------

The data were first subjected to one-way analysis of variance (ANOVA) and then tested with Dunnett's test using SPSS software. The statistical significance was set at *P* \< 0.05.

3. Results {#s0040}
==========

Administration of a single dose of GNPs of different sizes (5 nm, 20 nm, 50 nm) caused slight reductions in the mRNA expression of IL-1β on day 1 whereas GNPs of 5 nm diameter significantly increased IL-1β expression on day 7 (ANOVA F = 5.082, P = 0.001) ([Fig. 3](#f0015){ref-type="fig"}, upper panel). The second injection of GNPs after one week did not exacerbate the effects of GNPs on brain IL-1β ([Fig. 3](#f0015){ref-type="fig"}). Although brain IL-6 mRNA expression on day 1 was not affected by GNPs of different sizes, it was significantly increased by small sized GNPs (5 nm) on day 7 post-dosing (ANOVA F = 2.089, P = 0.049) ([Fig. 3](#f0015){ref-type="fig"}, middle panel). The primed animals (two doses six days apart) did not show any further increase in IL-6 gene expression after the second dose of GNPs. The expression of TNF-α in mouse brain was unaffected by GNPs irrespective of their sizes or dose regimens (ANOVA F = 0.465, P = 0.891) ([Fig. 3](#f0015){ref-type="fig"}, lower panel).Fig. 3Effect of GNPs on IL-1β, IL-6 and TNF-α mRNA expression in mice brain. ^\*^P \< 0.05 versus control group using Dunnett's multiple comparison test.

The real-time PCR amplification plots and respective melting curves for IL-1β, IL-6 and TNF-α are shown in [Fig. 4](#f0020){ref-type="fig"}. The average count of threshold cycle (Ct) for the house keeping gene β-actin was 18.47. The average counts of Ct for the target genes were as follows: IL-1β (Ct = 29.46), IL-6 (Ct = 31.54) and TNF-α (Ct = 36.15).Fig. 4Real-time PCR amplification curves (left panel) and melting curves (right panel) for target (IL-1β, IL-6, TNF-α) and house-keeping (β-Actin) genes expressions.

The GSH levels in brains of control mice were 1997.33 ± 226.65 nmol/g wet tissues ([Table 2](#t0010){ref-type="table"}). Administration of GNPs of different sizes did not alter the brain GSH levels irrespective of the dose regimens (ANVOA F = 0.265, P = 0.981). The levels of MDA in control mice brain were 8.50 ± 1.49 nmol/g we tissue ([Table 2](#t0010){ref-type="table"}). There was no significant change in the levels of brain MDA after GNPs treatment of various sizes and dose regimens (ANOVA F = 0.286, P = 0.976).Table 2Effect of GNPs on GSH and MDA levels in mouse brain.Treatment groupGSH (nmol/g)MDA (nmol/g)Control1997.33 ± 226.658.50 ± 1.49GNP 5 nm (day 1)2003.50 ± 200.368.57 ± 1.48GNP 20 nm (day 1)1923.00 ± 167.848.49 ± 1.53GNP 50 nm (day 1)1861.75 ± 206.297.10 ± 1.17GNP 5 nm (day 7)2013.75 ± 264.918.00 ± 1.62GNP 20 nm (day 7)1739.91 ± 160.316.23 ± 1.18GNP 50 nm (day 7)1794.60 ± 194.728.44 ± 2.63GNP 5 nm (day 1, 7)1933.25 ± 167.917.30 ± 1.18GNP 20 nm (day 1, 7)2064.41 ± 190.017.01 ± 1.19GNP 50 nm (day 1, 7)1960.16 ± 176.277.25 ± 1.38[^1]

4. Discussion {#s0045}
=============

The results of this study showed that only small sized GNPs (5 nm) significantly increased IL-1β and IL-6 genes expressions whereas the larger GNPs (20 nm and 50 nm) did not affect these cytokines expression in mouse brain ([Fig. 3](#f0015){ref-type="fig"}). Microglial cells or microglia are the resident immune cells in the brain that are primarily involved in surveillance, macrophagy, production of cytokines and neurotrophic factors. [@b0075]) have demonstrated that GNP morphology (size and shape) as well as surface chemistry strongly influence the microglial activation after GNPs exposure, both in-vivo and in-vitro. Administration of GNPs directly into the rat brain (intracerebral injection) showed that small sized GNPs (5 nm) caused more nestin (an intermediate neurofilament protein) expression as compared to large sized (100 nm) GNPs ([@b0140]). In a rat model of glioma, 1.9 nm GNPs were found to be toxic following intracerebral injection whereas no toxicity was observed using 15 nm GNPs at the same concentration ([@b0010]). After inhalation exposure, smaller GNPs (13 nm) were able to translocate from the lungs to extrapulmonary organs at a faster rate than the larger GNPs (105 nm); although the small GNPs were found in liver, spleen, brain, testes and blood, the large GNPs were only detected in blood ([@b0070]). In a rat model of cerebral ischemic reperfusion injury, administration of 20 nm GNPs significantly inhibited the activation of astrocytes and microglia and elevated the production of anti-inflammatory cytokines resulting in remarkable amelioration of neurologic deficits and infarction volumes ([@b0150]). On the other hand, small sized GNPs (5 nm) exerted opposite effects indicating an important role of GNPs size on modulating inflammatory and apoptotic mediators. Intraperitoneal injection of GNPs (0.5--15 mg/kg) showed that 17 nm GNPs crossed BBB more rapidly than 37 nm GNPs while both the GNPs significantly altered dopamine and serotonin levels in mice brain ([@b0025]). Microscopic examination revealed that only small size GNPs (17 nm) entered the hippocampal region and impaired the cognitive function in mice ([@b0025]).

There was no change in mRNA expression of proinflammatory cytokines on day 1 post-dosing of GNPs whereas a significant increase in IL-1β and IL-6 expression was observed on day 7 ([Fig. 3](#f0015){ref-type="fig"}). Previous reports have shown that, in liver and kidneys or rats, GNPs administration caused significant increase on day 1 which was receded on day 7 ([@b0105], [@b0110]). The delayed induction of inflammatory response in brain as compared to liver and kidneys can be linked to variable bio-distribution of GNPs in different organs. After a single intravenous injection of GNPs (10, 50, 100 and 250 nm), their tissue distribution was found to be size-dependent with the smallest 10 nm GNPs showed the most widespread organ distribution including blood, liver, spleen, kidney, testis, thymus, heart, lung and brain, whereas the larger particles were only detected in blood, liver and spleen ([@b0040]). Takeuchi et al ([@b0220]) studied the biodistribution profile of GNPs of various particle sizes (20, 50 and 100 nm) and found that especially 20 nm GNPs were accumulated in lung and brain after 2--3 h of intravenous injection and they were retained for 24 h. Biokinetics of ultrafine GNPs (2, 5 and 10 nm) after a single intravenous administration of 1250 µg/kg dose in mice showed highest accumulation of gold in spleen on day 15 whereas a low concentration was detected in brain on day 1 without any residual GNPs after 30 days ([@b0185]). After a single intravenous injection in mice, GNPs (15 and 50 nm) were able to pass BBB as evident from gold concentration in brain, measured by inductively coupled plasma mass spectrometry analysis ([@b0215]). There is also an important role of particle size in immune response because of the variable deposition of complement proteins which is influenced by the nanoparticle size. Complement system significantly affects the uptake and clearance of NPs as well as the modulation of proinflammatory immune response ([@b0195]).

The second dose of GNPs (primed groups) did not show any cumulative effect of GNP doses on induction of proinflammatory cytokines in brain ([Fig. 3](#f0015){ref-type="fig"}). In rats, repeated intraperitoneal injections of 20 nm GNPs for 21 days showed similar levels of gold in brain and liver ([@b0170]). [@b0135]) evaluated the bioaccumulation and toxic effects of different doses (40, 200, and 400 µg/kg) of 12.5 nm GNPs after daily intraperitoneal injections in mice for 8 days. Their findings showed that GNPs crossed the BBB and accumulated in the neural tissue although their accumulation was least in brain as compared to other organs. However, the repeated exposure of GNPs did not produce any sub-acute physiological damage and toxicity in terms of survival, behavior, animal weight, organ morphology, blood biochemistry and tissue histology ([@b0135]). The priming dose of GNPs protected the animals against the acute phase induction of proinflammatory cytokines in liver and spleen ([@b0090]). The primed mice did not show any aggravation of histological changes after injecting the second dose of the same GNPs ([@b0085]).

We did not observe any significant change in brain levels of GSH and MDA following GNPs exposure, irrespective of their sizes ([Table 2](#t0010){ref-type="table"}). In a previous study, intraperitoneal administration of 20 nm GNPs in rats for 21 days did not alter GSH levels as well as the activities of superoxide dismutase (SOD), glutathione peroxidase (GPx), and catalase (CAT), in brain samples ([@b0170]). [@b0055]) observed a decrease in thiobarbituric acid-reactive species (TBARS) after acute (single dose) intraperitoneal administration of GNPs (10 nm and 30 nm, 70 µg/kg) whereas the activity of SOD was increased after acute and long-term (28 days) exposure of GNPs in rats. Intraperitoneal injection of 10 nm GNPs significantly increased MDA in rat liver without altering GSH levels on days 3 and 7 ([@b0100]). In a rat model of Alzheimer's disease, GNP treatment not only reversed the streptozotocin-induced impairment in mitochondrial ATP production, neuroinflammation and oxidative stress but also prevented memory deficits ([@b0165]). [@b0080]) have used fluorescein-labeled hyaluronic acid-immobilized GNPs for monitoring ROS level in the ischemic brain and to identify the infarct areas in ischemic brains for the treatment of stroke. The findings of our study about the inertness of GNPs in affecting the markers of oxidative stress strengthen their usefulness in developing sensors for determining ROS levels in neuronal tissues.

5. Conclusion {#s0050}
=============

A single intraperitoneal injection of small sized GNPs (5 nm) significantly increased IL-1β and IL-6 mRNA expressions in mouse brain which was not exacerbated by the second dose of the same GNPs. The larger size GNPs (20 and 50 nm) did not produce any inflammatory response in mouse brain. The findings of this study have potential relevance in designing new strategies for GNP applications in imaging and therapy of neurological disorders.
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[^1]: Values are mean ± standard error.
